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Abstract
AlthoughAlzheimer’s disease (AD) is an international health research priority for our aging population, little therapeutic progress
has been made. This lack of progress may be partially attributable to disease heterogeneity. Previous studies have identified an
inverse association of cancer and AD, suggesting that cancer history may be one source of AD heterogeneity. These findings are
particularly interesting in light of the number of common risk factors and two-hit models hypothesized to commonly drive both
diseases. We reviewed the ten hallmark biological alterations of cancer cells to investigate overlap with the AD literature and
identified overlap of all ten hallmarks in AD, including (1) potentially common underlying risk factors, such as increased
inflammation, deregulated cellular energetics, and genome instability; (2) inversely regulated mechanisms, including cell death
and evading growth suppressors; and (3) functions with more complex, pleiotropic mechanisms, some of which may be stage-
dependent in AD, such as cell adhesion/contact inhibition and angiogenesis. Additionally, we discuss the recent observation of a
biological link between cancer and AD neuropathology. Finally, we address the therapeutic implications of this topic. The
significant overlap of functional pathways and molecules between these diseases, some similarly and some oppositely regulated
or functioning in each disease, supports the need for more research to elucidate cancer-related AD genetic and functional
heterogeneity, with the aims of better understanding AD risk mediators, as well as further exploring the potential for some types
of drug repurposing towards AD therapeutic development.
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Introduction

Alzheimer’s disease (AD) imposes a terrible cost on millions of
patients aswell as their caretakers and is a national health priority.
Unfortunately, to date, there has been little progress in developing
disease-modifying treatments for this devastating disease. One
reason that treatment attempts have been largely unsuccessful
may be a result of considering late-onset AD (LOAD) as a Bone
size fits all^ disease. For decades, researchers have been suggest-
ing that, much like cancer, LOAD is actually a heterogeneous
compilation of risk and causative factors converging towards

similar symptoms and disease processes. While there are no
doubt important commonalities, such as the biological mecha-
nisms leading to buildup of amyloid plaques and tau neurofibril-
lary tangles, the two major neuropathological characteristics of
AD [1], there is also likely to be important differences in sub-
groups of LOAD patients with differing genetic risk, environ-
mental exposures, and medical histories. While this viewpoint is
supported by research, therapeutic research inADhas been large-
ly focused on addressing the two core neuropathologies, with
little accommodation for the heterogeneous nature of disease
risk, etiology, and progression.
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Cancer history/comorbidity is an aspect of a patient’s medical
history that may have an important impact on LOAD develop-
ment and progression. Cancer has been inversely associated with
LOAD in numerous epidemiological studies, with cancer shown
to reduce the risk of developing LOAD and vice versa [2–7].
These studies accounted for risk factors such as smoking history,
sex, and the presence of the apolipoprotein E (APOE) ε4 allele,
the major known genetic risk factor for LOAD. Additionally,
many of these studies have provided evidence that survival bias
is not driving this disease association, including a study by Roe
et al. [6] showing that cancer and LOAD were inversely associ-
ated, while cancer and vascular dementia were not. A recent
study of 3,499,378 mostly male US veterans further supports
these findings, showing that survivors of numerous cancer types
had lower AD risk, though reduced risk was not observed for
other age-related conditions, and that chemotherapy was inde-
pendently associated with lower AD risk [8]. Our previous study
showed that cancer history was associated with later onset of
LOAD, suggesting that cancer and/or cancer treatment may de-
lay LOAD onset [4]. Importantly, we also found that non-
melanoma skin cancer, which is generally benign and only treat-
ed with surgical removal, also showed later age of LOAD onset,
supporting the idea that beyond cancer treatment effects, the
genetic background or environmental exposures predisposing
to cancer may be protective towards LOAD.

Although cancer and LOAD have been shown to be inversely
associated, there are a surprising number of parallels that can be
drawn between these two diseases. Risk for both diseases in-
creases with age and comorbid conditions such as diabetes and
metabolic syndrome [9, 10] and appears to be affected by behav-
ioral and environmental factors such as vitamin levels and nutri-
tion, sunlight exposure, smoking, diet and exercise, and heavy
metal exposure [11–24]. Genetic factors including microRNAs
show evidence of differential expression and activity related to
both diseases [25]. Preliminary evidence supports the hypothesis
that microRNAs may act as central regulators of both oncogen-
esis and neurodegeneration [26]. A transcriptomic study using
multiple cancer and neurodegenerative disease data sets found
significant overlap of pathways both inversely and commonly
expressed in cancer and LOAD [27]. Another parallel involves
the two-hit model of cancer progression, wherein multiple DNA
mutations are necessary for oncogenesis [28]. A similar model
has been recently adapted to explain the risk for and progression
of AD as well. The two-hit model, when applied to AD, suggests
that early-life harmful exposures and/or recessive genetic variants
are latent risk factors until later life insults are incurred, at which
time additive genetic and epigenetic changes initiate a neuropath-
ological cascade culminating in dementia and death [29–33].

Another interesting parallel between the cancer and LOAD
disease processes involves the ten hallmarks of cancer, as
updated by Hanahan andWeinberg in 2011 from their original
publication in 2000 [34, 35]. All of these hallmarks show
some evidence for involvement of key molecules, pathways,

or mechanisms in the risk, onset, or progression of AD
(Fig. 1), with some showing evidence of an inverse relation-
ship between cancer and LOAD, while others appear to have
parallel or more complicated relationships.

Hallmarks of Cancer in LOAD

Cell Death

The first hallmark of cancer is resistance to cell death. Cell
death occurs either by necrosis, in which cell injury results in
death by unregulated autolysis, or by apoptosis, programmed
cell death [35]. Cancer cells must be able to escape apoptosis,
and a common mechanism involves mutations in the pro-
apoptotic tumor protein 53 (TP53) gene. Somatic inactivating
TP53 mutations have been found in numerous cancer types,
while germline mutations in this gene result in Li-Fraumeni
syndrome, an autosomal dominant hereditary cancer pre-
disposition syndrome [28, 36–38]. Another example of this
mechanism is downregulation of tumor suppressive regulators
such as DAPK1; downregulation of this molecule suppresses
apoptosis in cancer cells [39].

In contrast, increased cell death is a hallmark of AD; however,
there is an ongoing debate regarding the precise mechanisms
driving this process [40, 41]. It has been suggested that there
are two main types of cell death in AD, apoptosis and neurofi-
brillary formation. In neurofibrillary formation, cells re-enter the
cell cycle, similar to apoptotic initiation. However, there is evi-
dence to suggest that in neurofibrillary formation, cells escape
classical apoptosis and instead progress farther through the cell
cycle before experiencing neurofibrillary degeneration [42].
There is increasing evidence for involvement of both these types
of cell death in AD, supporting the idea of an inverse tendency
towards apoptosis in cancer compared with AD. A study of
transcriptome data from three types of cancer and neurodegener-
ative diseases showed that genes in the apoptotic pathway were
upregulated in AD [27]. Upregulation of apoptotic proteins has
also been observed in the platelets of individuals with mild cog-
nitive impairment (MCI) and AD [43], and studies of genes
mutated in familial AD have highlighted the potential involve-
ment of neurodegenerative apoptotic mechanisms [44, 45].
Additionally, it has been shown that amyloid beta induces neu-
ronal death in vitro, and evidence has implicated the pro-
apoptotic p53 signaling pathway in this effect [46, 47]. A
caspase-independent mechanism involving apoptosis-inducing
factor (AIF) has also been identified in AD. Translocation of this
protein to the nucleus, which leads to caspase-independent apo-
ptosis, has been observed in AD and was colocalized with neu-
rofibrillary tangles [48]. Upregulation of tumor suppressive reg-
ulators such as DAPK1 has been shown in AD brains and has
been associated with neuronal apoptotic activity in response to a
variety of stimuli, further supporting the potential involvement of
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cancer-related apoptotic processes influencing neuronal cell
death in AD [49]. Thus, though there is some debate about cel-
lular outcomes (apoptosis vs. neurofibrillary degeneration), it is
clear that while apoptotic processes are commonly downregulat-
ed or inactivated in cancer, these processes are commonly upreg-
ulated or activated in AD. It is possible that a genetic background
predisposing towards either upregulation or downregulation of
apoptotic processes may contribute towards the inverse associa-
tion of cancer and AD observed in epidemiological studies.

Proliferative Signaling

The second hallmark of cancer is sustaining proliferative sig-
naling [35]. This can occur through a variety of pathways,
including producing more growth factor ligands, signaling to
neighboring cells to produce more growth factors, increasing
receptor proteins, mutations activating ligand-independent re-
ceptor firing, or constitutive activation of downstream growth
factor signaling molecules [34, 35]. Somatic mutations for
genes within these signaling pathways have been commonly
identified in various cancers. For example, activating muta-
tions in the B-Raf proto-oncogene (BRAF) are common in
melanoma. The mutated protein activates the mitogen-
activated protein kinase (MAPK) pathway, inducing prolifer-
ation, differentiation, and cell survival [35, 50]. An alternate
pathway to MAPK activation common across various cancer
types involves activating mutations of small GTPase RAS
family oncogenes [51, 52]. Interestingly, it has been shown

that while upregulation of oncoproteins involved in tumor
growth is a hallmark of cancer, excessive upregulation of
these proteins can actually lead to cellular senescence, sug-
gesting that precise regulatory changes are necessary to
achieve carcinogenesis [35, 53].

Dysregulated protein kinases important for proliferative
signaling have also been identified in AD patients, which is
unsurprising given that hyperphosphorylation of neurofibril-
lary protein tau by protein kinases is one of the hallmarks of
AD. The following examples highlight a few results in this
complex area and demonstrate the importance of proliferative
signaling genes in AD. MAPK/ERK-p has been measured in
neurons and glial cells in patients with early-stage tauopathies,
and MAPK/ERK-p and phosphorylated protein kinase of
38 kDa (p38) colocalize in neurons and glial cells with phos-
phorylated tau deposits [54]. Cavallini et al. [55] performed a
network analysis that suggested involvement of Ras family
GTPases in tau phosphorylation pathways. The small G pro-
tein p21ras has been associated with neuritic plaques and tan-
gles in AD [56, 57]. Studies of gene expression in AD have
identified the MAPK/ERK pathway as downregulated in AD,
as well as brain region–specific altered expression of genes in
the PI3K/AKT growth signaling pathway [58–60]. There have
been various regional and phosphorylation (activation-state)
dependent differences in expression changes observed in ki-
nase signaling pathways for some AD studies, suggesting that
altered expression may be associated with an increase in the
proportion of activated kinases; this makes sense in the

Fig. 1 Hallmarks of cancer in
AD. The ten hallmarks of cancer
(Hanahan et al., 2011) are listed in
the left column (cancer), while in
the right column (Alzheimer’s
disease, AD), known and
potential roles of the hallmark
pathways or genes/proteins in the
hallmark pathways are listed. As
shown, all ten hallmarks share
functional overlap with known or
postulated AD-related biological
mechanisms
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context of increased phosphorylation of tau associated with
advancing disease state [61–63]. TheMAPK/ERK pathway is
also known to be involved in synaptic plasticity and learning,
linking downregulation of genes in this pathway to the cogni-
tive dysfunction observed in AD [58]. These results support
the involvement of proliferative signaling genes and pathways
in both cancer and AD, and also show the different effects
resulting from differential regulation and activity of the same
genes in different tissues. Activation/upregulation in somatic
tissue is associated with proliferation as one of the hallmarks
of cancer, while activation in neurons and glial cells may be
one of the initiating steps of tau hyperphosphorylation leading
to neurofibrillary tangle formation and cell death, and subse-
quent downregulation may contribute to decreased synaptic
plasticity and cognitive dysfunction in AD.

Growth Suppressors

The third hallmark of cancer is evading growth suppressors. A
number of growth suppressor genes, also known as Btumor
suppressors,^ have been identified as commonly containing
inactivating mutations in different cancer types, including the
retinoblastoma transcriptional corepressor 1 (RB1), TP53, and
the phosphatase and tensin homolog PTEN [35, 64]. Both pRb
and p53 proteins regulate cell cycle progression; thus,
inactivation of these tumor suppressors permits cell
growth and division [65]. PTEN negatively regulates the
proliferative AKT/PKB signaling pathway [66]. Cells
must also be capable of avoiding terminal differentiation,
in which cells enter an irreversible post-mitotic state. An
oncoprotein commonly overexpressed in cancer, c-Myc, is
an example of this process. Upregulation of c-Myc enables it
to outcompete transcription factors responsible for initiating
differentiation and prevent cells from entering the post-mitotic
state [35, 67].

Similarly, evading growth suppressors is a known occur-
rence in AD. Aberrant neural cell cycle progression is a hall-
mark of AD and has been linked to neuropathology [68, 69].
Cell cycle studies in AD model organisms suggest that cell
cycle re-entry is accompanied by or followed by increased
neuropathological processes and apoptosis, while inhibiting
cell cycle progression may reduce neurodegeneration
[70–72]. Numerous tumor suppressors appear to play impor-
tant roles in AD neuropathological development [73–77]. For
example, p27, an important negative cell cycle regulator,
shows enhanced degradation in AD patients compared with
controls. Phosphorylated p27, which is marked for degrada-
tion, overlaps with neurofibrillary pathology [78, 79]. A num-
ber of cell cycle proteins are upregulated in the peripheral
lymphocytes of AD patients as well [80–82], suggesting sys-
temic cell cycle dysregulation may be a hallmark of both can-
cer and AD.

Replicative Immortality

The fourth hallmark of cancer is enabling replicative immor-
tality. All normal cultured cell types have a finite replicative
potential, termed the BHayflick limit.^ Once they reach this
limit, normal cells stop growing and enter senescence [83].
While cultured cells can circumvent this limit by disabling
the pRb and p53 tumor suppressor proteins, the precise mech-
anisms of cell senescence are still unclear [35]. If cells are able
to circumvent the Hayflick limit and continue to divide, they
will eventually reach a second limit called the Bcrisis^ state, in
which massive genomic instability typically results in cell
death [35]. This genomic instability is attributed to critically
shortened telomeres, the sequences of DNA that normally
protect the ends of each chromosome. To survive this crisis
state, the cell must activate telomere maintenance machinery.
Typically, this involves upregulation of the telomerase en-
zyme, which is responsible for elongating telomere sequences
in dividing cells and is normally absent or significantly down-
regulated in somatic cells [35, 84–86]. Activation of telome-
rase is a critical step in the development of most cancer cells
[87].

In contrast, there has recently been accumulating evidence
that AD patients have shorter telomeres, and that shorter telo-
mere length is a risk factor for AD [88, 89]. Shorter telomere
length could potentially compromise genomic stability, lead-
ing to increased amounts of cells undergoing apoptosis in the
AD brain. Shorter telomeres would theoretically first impact
neurogenesis, as neural stem cells would have shorter telo-
meres than differentiated neurons due to cell division. There
is growing evidence supporting the downregulation of
neurogenesis in neurodegenerative diseases, and in particular
the importance of neurogenesis in AD [73, 90]. There is also
some preliminary evidence from studies of depression
supporting the possibility that stress or disease-mediated telo-
mere shortening or reduced telomerase activity could have a
deleterious impact on neurogenesis and hippocampal volume
[91–93]. The activity of the catalytic subunit of telomerase,
TERT, has been shown to have neuroprotective effects in cell
and animal models following injury, as well as neuroprotec-
tive functions in neurons; due to this, there is increasing inter-
est in telomerase as a therapeutic target in neurological dis-
eases [94].

Angiogenesis

The fifth hallmark of cancer is inducing angiogenesis, or
blood vessel formation. All cells in a tissue must reside within
100 μm of a capillary blood vessel to obtain the nutrients and
oxygen necessary for survival [34]. In order to grow new
cancerous tissue, blood vessel growth is also required [35,
95]. Angiogenesis is carefully regulated in normal tissue, re-
quiring cancer cells to develop the ability to initiate additional
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angiogenic signaling and sustain angiogenesis [35, 95]. Based
on observations of tumor development, it is postulated that
angiogenic induction is an early to middle cancer stage event,
which is required for clonal expansion to form a macroscopic
tumor [35, 95]. This process is typically achieved by altering
the balance of angiogenic inducers (such as vascular endothe-
lial growth factor, VEGF) and inhibitors (such asβ-interferon)
[35, 96].

Angiogenesis is also a topic of great interest in LOAD
research. Cerebral blood flow has been suggested as a bio-
marker of LOAD, as measurable differences can be detect-
ed years before clinical disease presentation via neuroim-
aging, and can differentiate between cognitively normal
individuals, those at risk for LOAD (assessed by family
history or brain amyloid), and individuals diagnosed with
LOAD [97–99]. There is some evidence that cerebral
blood flow may be initially increased, though hypoperfu-
sion is characteristic of later disease stages. Research on
cerebral blood flow is complicated by the relationship be-
tween cerebral blood flow and brain metabolism, as if me-
tabolism decreases, blood flow will also decrease [100].
Another complication is that it appears that cerebral blood
flow may become uncoupled under pathological conditions
[101]. Vascular and LOAD pathology commonly co-occur,
and the presence of cerebral infarcts has been shown to
increase the odds of dementia, specifically impairing mem-
ory function [102–104]. Capillary cerebral amyloid
angiopathy, the pathological deposition of amyloid beta
within cerebral vessels, has been associated with LOAD
[105, 106]. All of these findings support a significant role
of vascular dysfunction in LOAD. It has been hypothesized
that increases in brain regional blood flow observed years
prior to LOAD symptoms may represent upregulated an-
giogenesis as a compensatory mechanism, which then
eventually is overtaken by the significant, widespread de-
crease in blood flow observed in later stage LOAD [97]. A
key mechanism driving this stage-dependent vascular
functional change may be the different effects of upregu-
lation of hypoxia-inducible factor-1α (HIF-1α), known to
be upregulated by hypoxia. HIF-1α upregulates angiogen-
ic factors such as vascular endothelial growth factor
(VEGF), which can upregulate angiogenesis, attenuate
the pathogenic impact of hypoxia, and potentially delay
the onset of LOAD symptoms [107]. However, there is
also evidence that HIF-1α upregulation could exacerbate
LOAD neuropathological processes and the activation of
the cellular stress response and impairment of autophagy
[108]. Thus, while HIF-1α and angiogenic upregulation
may be beneficial in early disease stages to compensate
for vascular dysfunction, it may also promote LOAD path-
ological processes. Furthermore, LOAD neuropathology is
associated with reduced capillary expression of VEGF and
nitric oxide, two markers of angiogenesis [109], suggesting

that late-stage LOAD brain blood flow decrease may be the
result of a vicious neuropathological feedback loop which
may also inhibit brain angiogenic repair and maintenance
pathways. Thus, angiogenesis regulation may be LOAD
stage–dependent and may be an important factor in disease
progression and related cognitive dysfunction.

Invasion and Metastasis

The sixth hallmark of cancer is activating invasion and metas-
tasis [35]. While a complete overview of this extremely com-
plex area of study is beyond the scope of this review, we
present a few key points for consideration. Advanced-stage
cancer cells downregulate cell adhesion molecules promoting
contact inhibition, such as E-cadherin and its upstream regu-
lator Reelin, and upregulate adhesion molecules associated
with cell migration, such as N-cadherin [110, 111].
Transcription factors associated with migratory processes dur-
ing embryogenesis are upregulated, possibly in response to
stimuli in the tumor microenvironment, resulting in numerous
cell structure changes and facilitating the various steps involved
in invasion and metastasis [35]. Reelin is a key signaling
molecule that has been shown to mediate RAS/PI3K signaling
promoting cell motility and tumor metastasis [110].

Cell adhesion and contact inhibitionmolecules have also been
shown to play a role in LOAD. Ibanez et al. [27] found both cell
adhesion and extracellularmatrix receptormolecules to be down-
regulated in cancer, but upregulated in LOAD.Cell adhesionwas
one of the pathways showing significant enrichment of single
nucleotide polymorphisms when tested for association with a
composite memory score in an LOAD cohort [112], and was
also significantly associated with LOAD in two other indepen-
dent cohorts [113]. Neural cell adhesion molecules are very im-
portant for proper synaptic functioning, playing roles in the reg-
ulation of synaptic vesicle recycling, stabilization of synaptic
membrane interactions, and recruitment of scaffolding proteins
and neurotransmitter receptors to the synapse [114]. Interestingly,
while Reelin has been shown to mediate cell motility and tumor
invasion in cancer, it has also been shown to regulate nervous
system development andmodulate synaptic plasticity in the adult
brain [115]. Reelin also appears to play a more direct role in AD
neuropathology, with evidence from mice and humans
supporting involvement of Reelin in amyloid plaque formation
and tau hyperphosphorylation, and may also be subject to feed-
back regulation or aggregation by amyloid beta [115–119]. Thus,
it appears that in addition to a more straightforward influence on
disease risk/progression, cell adhesion pathway genes may also
play important pleiotropic roles in LOAD.

Genomic Instability

The seventh hallmark of cancer is genome instability and mu-
tation. This concept was introduced more recently in Hanahan
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et al., 2011, as one of two enabling characteristics of cancer.
Acquisition of genomic instability generates random
mutations, some of which result in the required hallmarks of
cancer [35]. It is postulated the genomic instability in cancer
cells commonly occurs due to deactivation of genomic
maintenance and/or genomic integrity surveillance though
such proteins as p53 and BRCA1 [120], as well as telomere
erosion accompanied by chromosomal breaks and fusions,
resulting in deletion and amplification of numerous segments
of DNA [121]. Another piece of evidence for the importance
of genomic instability in cancer is the observation of
increased aneuploidy, particularly loss of the Y chromosome
in men, which has been associated with various cancer
types as well as with variants in cancer-related genes
[122–125].

Genomic instability is also a topic that has long been of
interest in LOAD. Inspired by the knowledge that patients
with Down syndrome are more likely to have early-onset
AD, linked to an extra copy of the chromosome 21 APP gene,
researchers have tried to determine whether neurons in LOAD
patients experience copy number gain linked to pathology or
cell death. This question is also linked to the theory that neu-
rons re-enter the cell cycle as part of a pathological process
leading to cell death [126]. Direct studies of aneuploidy in
LOAD have shown mixed results, with some studies
supporting copy number gains in select chromosomes mea-
sured by fluorescent in situ hybridization (FISH), potentially
related to increased neuronal cell death [127–129], while
others suggest that aneuploidy may not play an important role
in disease initiation/progression [130, 131]. Given the small
sample sizes and diverse methods of these studies, as well as
the lack of knowledge regarding correlation of aneuploidy
with biomarkers and pathology of LOAD, at present, it is
not possible to confidently conclude whether autosomal copy
number or genome amplification plays an important role in
LOAD pathological processes. However, there is increasing
literature to suggest that systemic sex chromosome loss may
play an important role in aging and LOAD [132–134].
Micronuclei arising from chromosome mis-segregation have
been observed at greater frequency in older individuals, those
at increased risk for LOAD, and LOAD patients [135], further
supporting the importance of genomic instability in LOAD.
Finally, shorter telomeres, altered telomere architecture, and
telomere shortening over time have been associated with
LOAD [88, 89, 136, 137], though there is some inconsistency
in this literature as well [138–141], likely partially due to
differences in telomere length by cell/tissue type, as well as
the very large number of medical, genetic, behavioral, and
environmental factors capable of influencing telomere
length. Chromosome gain and loss and shorter telomeres
may all be important factors in LOAD risk/progression
but more research is needed to clarify the roles of these
mechanisms.

Inflammation

The eighth hallmark of cancer is tumor-promoting inflamma-
tion. This concept is the second enabling characteristic of can-
cer more recently posited by Hanahan et al. [35]. Tumors have
been compared with chronic non-healing wounds, involving
chronic inflammation caused by the persistent presence of
immune inflammatory cells [142]. These innate immune cells,
normally involved in wound healing, are also associated with
tissue pathologies including fibrosis, aberrant angiogenesis,
and neoplasia [35, 143]. Macrophage subtypes, mast cells,
neutrophils, and T and B lymphocytes have all been identified
as potentially tumor-promoting [143–147]. To survive, tumors
must shift the balance from the subclasses of lymphocytes and
innate immune cells attacking the tumor towards the types of
immune cells promoting inflammation and tumor growth [35,
147]. It has been posited that inflammation might promote the
development of the earliest stages of neoplastic progression,
and that a state of chronic systemic inflammation is
oncogenic.

The topic of inflammation has long been of interest in AD
research [148, 149]. Amyloid plaques and tangles promote a
chronic inflammatory feedback loop by inducing the expression
and release of pro-inflammatory cytokines by activated microg-
lia, which in turn enhance amyloidogenic processing [150].
BGliosis,^ or the inflammation of microglia and astrocytes, is a
hallmark of LOAD; amyloid plaques are typically surrounded by
activated microglial cells in early and late phases of disease
[151]. While there is evidence that the inflammatory negative
feedback loop is likely a toxic contributor to neuropathology,
there is also evidence that normal microglial function includes
the clearance of amyloid beta, though it is unclear how effective
microglia are at this task [151, 152]. A review of select
microRNAs in cancer and LOAD literature identified common
functional overlap in innate immunity and inflammation and
oxidative stress [25]. On an epidemiological level, type 2 diabe-
tes increases the risk of LOAD, and it has been postulated that
one of the molecular mechanisms driving this relationship is
central and peripheral inflammation [153]. It has been strongly
established that systemic inflammation increases with age, and
that chronic inflammation is more common in elderly individuals
[154]. Inflammation may be one of the common risk factors
tying together age-related diseases including cancer and LOAD.

Cellular Energetics

The ninth Bemerging^ hallmark of cancer is deregulating cel-
lular energetics. Cancer cells have been shown to modify or
reprogram cellular metabolism to support proliferation.
Cancer cells are known to switch from aerobic oxidative phos-
phorylation by mitochondria to primarily glycolysis (the
Warburg effect [155]) even under aerobic conditions, which
better enables hypoxic cells to survive. This switch is
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accompanied by upregulated glucose import, which helps to
compensate for the difference in glycolytic energy production
[35]. In each cell, there are numerous complex, interconnected
signaling networks that regulate cellular energetics; in cancer
cells, genetic instability promotes the acquisition of genetic
mutations, including some that can orchestrate the hallmark
functions of cancer and alter cellular metabolism [35]. The
hubs of these pleiotropic networks include many genes
discussed above, including RAS oncogenes, MYC, PTEN,
and HIF-1α, raising the question of whether this is an inde-
pendent hallmark or a phenomenon tied inextricably to other
hallmarks, including proliferation and angiogenesis. One of
the regulators of glycogen synthesis, glycogen synthase
kinase-3 (GSK3), is regulated by insulin and by the PI3K/
Akt signaling pathway, suggesting another point of connec-
tion between cancer and diabetes/metabolic syndrome [156].
It should be noted that this emerging hallmark is under debate,
however, as other researchers have proposed a Breverse
Warburg^ hypothesis in which cancer cell metabolism is more
complicated [156]. In the reverse Warburg model, cancer cells
induce oxidative stress in cancer-associated fibroblasts, caus-
ing them to initiate autophagy and undergo glycolysis.
Glycolytic byproducts lactate and pyruvate are transferred to
epithelial cancer cells undergoing oxidative phosphorylation,
essentially allowing cancer cells to feed off the surrounding
tissue [157–159]. Notably, stromal cells exhibiting what ap-
pears to be a key biomarker of this effect, caveolin-1, show
transcriptional similarities to the AD brain transcriptome [157,
158].

Metabolic dysregulation has been studied for decades in
LOAD research [160], and LOAD has even been referred to as
Btype 3 diabetes^ [161]. Brain insulin and insulin-like growth
factor signaling disturbances and hypometabolism are character-
istic of LOAD, including some studies of early disease stages,
and hypometabolism has been shown to be correlated with neu-
ropsychological performance deficits [160–168]. This known
decrease in glucose metabolism was deemed so significant that
[18(F)] fluorodeoxyglucose (FDG) positron emission tomogra-
phy (PET), an imaging method that can measure glucose metab-
olism in the brain, has been proposed as a sensitive measure of
LOAD progression and a feasible treatment outcome measure
[169]. Based on these studies and the hypothesized biology driv-
ing metabolic differences in LOAD, a new area of therapeutic
interventions is targeting upregulating ketone body metabolism
to compensate for dysregulated glucose metabolism in the brain
[170–174]. Metabolism was also one of the key functional cate-
gories identified as inversely associated in cancer and LOAD by
Ibanez et al. (2014). While various metabolic pathways were up-
and downregulated in cancer, metabolic pathways were only
downregulated in neurodegenerative diseases, including
LOAD, and there was a concentration of overlapping metabolic
pathways upregulated in cancer and downregulated in LOAD,
including oxidative phosphorylation and the Krebs (citric acid)

cycle [27]. Interestingly, one of the key proteins identified in
cancer metabolic research, GSK3, has also been identified as
playing important roles in LOAD neuropathology, with overex-
pression linked to increases in tau hyperphosphorylation and
tangles as well as differences in amyloid precursor protein pro-
cessing leading to increased amyloid beta [175]. However, the
emerging picture of metabolic differences in LOAD is complex
and likely stage- and sex-specific, highlighting this as a topic
requiring further investigation.

Immune Function

The tenth Bemerging^ hallmark of cancer is avoiding immune
destruction (immunoevasion) [35]. Currently, while there is
some evidence to support the importance of immune function
in suppressing cancer, the importance and efficacy of this
function require further research [176, 177]. There is limited
evidence supporting the involvement of both the adaptive and
innate immune systems in immune surveillance and tumor
eradication. Theoretically, cancer cells are selected for those
that are weakly immunogenic, not strongly targeted by the
immune system. Tumors have also been shown to subvert
progenitor immune cells, which then function to suppress nor-
mal immune function [35]. Cancer cells could also theoreti-
cally disable immune cells by secreting immune-suppressive
factors [178]. Though much work remains to be done in this
area, immunoevasion likely plays a role in at least some types
of cancer.

While some types of cancer may be characterized by im-
mune resistance, it appears that peripheral as well as central
immune function may be a risk factor for LOAD. Peripheral
immune cells have been identified in the brain, and it has been
suggested that these cells may play a role in exacerbating
LOAD processes, though there is currently a debate on this
topic [179–181]. The top 20 genes identified by the
International Genomics of Alzheimer’s Project (IGAP)
showed significant enrichment for the immune response path-
way [182]. Furthermore, a recent study identified a SNP in the
interleukin-1 receptor accessory protein (IL1RAP) gene as
significantly associated with brain amyloid deposition, impli-
cating microglial activation as an important pathway in
LOAD [183]. IL1RAP has also been identified as highly up-
regulated in myeloid leukemia [184], highlighting the poten-
tial importance of differential regulation of immune functions
in cancer and LOAD. The complement and coagulation
cascades and cytokine-cytokine pathways were identified
by Ibanez et al. (2014) as downregulated in cancer and
upregulated in LOAD, suggesting inverse regulation of
immune pathways may play different roles in cancer and
LOAD progression. However, more work remains to
investigate the roles of the immune system in LOAD risk
and progression.
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Cancer and LOAD Neuropathology

While some hallmarks of cancer show an inverse association
with known function in LOAD, and some appear to have
common or complex pleiotropic effects, it is difficult to inter-
pret these findings without a direct link to the two neuropath-
ological hallmarks of LOAD, amyloid and tau pathology.
Recent research has started to elucidate this link to LOAD
neuropathology. As discussed above, IL1RAP not only was
identified as an immune protein that is upregulated in cancer
but also has been recently shown to potentially mediate amy-
loid deposition [183]. The work by Jane Driver and colleagues
has identified the protein Pin1 as having key roles in both
oncogenesis and LOAD neuropathology [185]. Pin1, which
can change the conformation of numerous substrates, has been
shown to modulate the amplitude and duration of cellular
responses or processes [186]. Pin1 coordinates cell division
and is upregulated in many cancer types; however, in LOAD,
Pin1 is downregulated or inactivated, and in mouse models,
Pin1 absence has been shown to impair tau function and am-
yloid precursor protein processing, resulting in accumulation
of tau tangles and amyloid plaques [185]. Pin1 has neuropro-
tective functions, as it has been shown to act on both APP and
tau to switch their conformations from dysfunction to a func-
tional shape, preventing toxic pathological processes [186]. A
study of microRNA roles in cancer and AD by Holohan et al.
[25] showed that of the eight reviewed microRNAs, while all
had cancer-specific functions, all but one also had functions
identified in LOAD studies related to amyloid precursor pro-
tein processing or amyloid beta plaque accumulation, or to tau
neurofibrillary tangles. Finally, in two large cohorts of de-
ceased older men and women with and without dementia,
while there was no difference in neuritic plaque count by
cancer history, individuals with cancer history were shown
to have lower odds of LOAD proximate to death and signifi-
cantly fewer neurofibrillary tau tangles at autopsy [187].
While the biological mechanism(s) driving this association
remain to be elucidated, there are a number of plausible ex-
planations for the observation of a reduced load of neurofibril-
lary tau tangles in individuals with cancer history, including
cancer survivor selection for improved immune function, sur-
vivor behavioral changes leading to healthier brain aging, the
influence of chemotherapeutic agents on tau pathology, and/or
underlying molecular mechanisms influencing LOAD/cancer
risk as well as LOAD neuropathological processes. All of
these mechanisms require further investigation to identify po-
tential novel therapeutic directions for cancer and LOAD.

Therapeutic Implications

Cancer drug repurposing has gained significant attention
recently as a novel source of potential LOAD therapeutic

agents and was recently reviewed by Heather Snyder and
colleagues [7]. The significant overlap of all ten hallmarks
of cancer with functions or molecules linked to AD, albeit
some with opposite regulation or functions, highlights the
importance of this area of study. This is a complicated
subject, clearly, with some hallmarks likely to be more
suitable for exploration than others. Some molecules
may potentially be directly repurposed (i.e., immune
checkpoint inhibitors or microtubule stabilizers), while
others may need further study (activators vs. inhibitors
targeting pathways that appear to be differentially regulat-
ed in cancer and AD, such as proliferative and apoptotic
pathways). A recent study by Frain et al. [8] showed that

Fig. 2 Cancer and AD model. This model shows the two-hit hypothesis
widely accepted as a common mechanism of oncogenesis and more
recently proposed to underlie Alzheimer’s disease (AD) onset, risk factors
including many common to both cancer and AD, and the potential
contributions of the hallmarks of cancer to cancer (left) and AD (right).
Orange arrows pointing up indicate a posited or observed increase in this
hallmark for each disease; blue arrows pointing down indicate a posited
or observed decrease in this hallmark for each disease. Black arrows
pointing up and down indicate that this hallmark (or molecules involved
in this hallmark) show bi-directional, stage-specific, or pleiotropic effects
for the disease. It is important to note that many of these hallmarks could
be important both before and after the second hit in both diseases, or
could be acting at different stages of disease. BGenetics and epigenetics^
are listed for both diseases before and after the second hit, as genetic
background has been posited to contribute to risk and progression for
both diseases (beyond the two key mutations cited in the two-hit model),
and also may play a role in differential risk for cancer vs. AD
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cancer survivors who had received chemotherapy had a
lower risk of AD than those who had not received che-
motherapy, fur ther support ing the idea of drug
repurposing towards AD therapeutics. Efforts towards
cancer drug repurposing in AD are already underway.
Based on studies of tau conformational changes related
to Pin1 function, it may soon be possible to use an anti-
body or vaccine to specifically target abnormal protein tau
in AD and other tauopathies [186, 188], providing novel
treatment options that may be more effective than past
efforts aimed at ameliorating amyloid pathology.
Another interesting drug repurposing study involves the
myeloid cell surface receptor CD33. A SNP in this gene is
associated with AD risk [189, 190], while other studies
have identified another SNP in linkage disequilibrium that
is associated with treatment response in acute myeloid
leukemia [191, 192]. Both SNPs were shown to decrease
full-length CD33 expression in tissues of interest, which
was associated with decreased AD odds ratio, suggesting
that antibodies developed for acute myeloid leukemia
such as lintuzumab could be effectively repurposed as
AD treatments [193]. Drugs blocking immune check-
points have been shown to mobilize the immune system,
resulting in anti-tumor activity [194]. Recent research
suggests that these drugs may be repurposed towards
AD, as repeated treatment in mouse models has shown
reduction of cerebral amyloid beta plaques as well as im-
proved cognitive performance [195]. NSAIDs, which re-
duce peripheral inflammatory factors, have shown mixed
evidence for reduced risk of both cancer and AD [196,
197]. Research on this topic has been complicated by the
effects of study duration and design; further research on
this type of medication in both diseases seems merited to
reach any conclusions. Another interesting target for can-
cer drug repurposing that has been rather extensively
studied is bexarotene, a retinoid X receptor that in cancer
functions to suppress proliferation and inhibit inflamma-
tory cell activation [198]. There is some evidence that this
drug may also stimulate expression of APOE and increase
beta amyloid clearance [199]. The effects of treatment on
beta amyloid reduction may be dependent on APOE ge-
notype, and there may be significant cardiovascular risk
associated with use [200]; however, this class of drugs
represents an interesting new direction leveraging the
pleiotropic effects of molecules associated with cancer
and AD. While the drugs discussed here are largely in-
volved in immune/inflammatory pathways, given the sig-
nificant functional overlap of pathways in cancer and AD,
it is possible that there are cancer drugs targeting a few of
the other hallmarks that may also prove efficacious in AD,
or that may suggest novel targets in these pathways. This
represents a rich and largely unexplored opportunity for
novel AD therapeutic development.

Conclusions

There appears to be significant overlap in disease risk fac-
tors and the hallmarks of cancer cells and LOAD, some
with opposite, similar, or pleiotropic functions in each dis-
ease, as well as a potential direct connection between can-
cer history and LOAD neuropathology, supporting the idea
that cancer history may be an important factor influencing
LOAD heterogeneity, risk, and progression (Fig. 2). Some
pathways, such as resisting cell death and upregulating
growth suppressors, appear to be inversely regulated be-
tween these diseases and may help to explain the inverse
association of cancer and LOAD observed in epidemiolog-
ical studies. Other pathways exhibit more complicated
pleiotropic roles, including potential effects on LOAD neu-
ropathological pathways. More research is needed to elu-
cidate the molecular mechanisms driving the inverse asso-
ciation of LOAD and specific cancer types, particularly
focusing on the mechanism(s) mediating AD neuropatho-
logical processes. Additionally, future studies are needed
to investigate genetic and molecular factors as biomarkers
of risk for both diseases, as well as to continue to explore
existing cancer agents in some hallmarks for repurposing
towards AD treatments.
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